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ABSTRACT 


The  response  of  a  cast  cobalt-base  alloy  to  impulsive 
thermal -mechani cal  fatigue  conditions,  present  during  the 
firing  of  automatic  weapons,  was  examined.  The  study  indi¬ 
cates  that  a  variety  of  structural  alterations  take  place 
near  the  interior  gun  bore  surface  that  are  dependent  upon 
the  firing  schedule  and  the  ammunition  used.  Surface-layer 
melting  and  Stage  I  type  of  fatigue  cracks  are  noted  for 
the  larger  caliber  inserts.  Extensive  slip-deformation  and 
work-hardening  in  the  surface  areas  were  attributed  to  the 
Interior  ballistics  conditions  as  well  as  to  the  prior  ma¬ 
chining  operations.  The  stress-induced  transformation 
phenomenon  in  the  matrix  and  the  precipitation  in  the  slip 
zones  related  to  the  enhancement  of  wear  resistance  are  dis¬ 
cussed. 
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INTRODUCTION 


The  application  of  improved  materials  to  military  hard¬ 
ware  for  which  the  U.  S.  Army  Weapons  Command  has  responsi¬ 
bility  is  one  of  the  missions  of  the  Science  and  Technology 
Laboratory  of  this  Command.  For  compliance  with  this  goal, 
an  effort  was  made  to  structurally  analyze  a  breech  llner- 
matenal,  Haynes  Stellite  Alloy  No.  21,  which  has  been  util¬ 
ized  in  numerous  small  caliber  weapons  for  more  than  twenty- 
five  years.  Despite  the  extensive  usage  of  this  alloy, 
relatively  few  analyses  have  been  undertaken  to  define  the 
reasons  for  its  satisfactory  performance.  Further,  little 
effort  has  been  expended  to  improve  the  alloy  through  compo¬ 
sitional  and  structural  modifications.  The  purpose  of  this 
initial  study  was  to  describe  the  behavior  of  the  cast  alloy 
in  its  response  to  the  impulsive  thcrmal-mechanl cal  and 
corrosive  loading  conditions  of  actual  test  firings.  This 
description  will  lead  to  laboratory  tests  designed  to  iso¬ 
late  features  or  processes  that  control  the  deterioration 
mechanisms  of  this  alloy.  The  ultimate  aim  of  this  work  is 
to  obtain  improved  alloys  for  use  in  small  caliber  weapons. 

The  attractive  features  attributed  to  this  particular 
alloy  are  resistance  to  chemical  attack  by  hot  powder-gases, 
retention  of  hardness  and  strength  at  elevated  temperatures, 
and  excellent  wear  and  abrasion  resistance.  The  major  limi¬ 
tation  of  Alloy  21  lies  In  its  relatively  low  melting-point 
range  of  1280°  to  1350°C.  Thus,  these  Inserts  are  not  widely 
used  In  weapons  requiring  double-base  propellant  powder  for 
Increased  projectile  velocity. 

Alloy  21  has  the  following  nominal  composition  in 
weight  percentage:  28  Cr,  2  N1 ,  6  Mot  0.25  C,  and  the  re¬ 
mainder  being  Co.  The  investment-cast  alloy  has,  as  its 
primary  matrix  phase,  a  cobalt-rich  solid  solution  with  a 
face-centered  cubic  structure.  Numerous  small,  well-distrib¬ 
uted  ar^as  of  eutectic  carbides  are  noted  in  the  structure. 
The  binary  eutectic  is  the  M,C  type,  whereas  the  ternary 
form  Includes  the  M*C,  the  Cr7Cj,  and-or  the  M2JC*  phases 
(where  M  represents  any  carbide  forming  element). 

The  fer  matrix  found  in  the  as-cast  structure  Is  meta¬ 
stable.  Correspondingly,  the  hcp*fcc  inversion  Is  quite 
sluggish  at  temperatur  :  near  800®C.  However,  mechanical 
working  at  room  temperature  facilitates  the  martensitic 
transformation  of  the  fee  structure  to  the  hep  form.1 

The  alloy,  possessing  a  low  stacking-fault  energy,  ex¬ 
hibits  a  high  propensity  to  work  hardening.  However,  the 
casting  can  be  readily  machined  to  close  tolerances  with 
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carbide-tipped  tools.  The  insert  liners  used  for  the  7.62mm 
automatic  weapon  were  6  inches  in  length  and  had  a  wall 
thickness  of  approximately  0.10  inch.  A  schematic  drawing 
of  such  an  Insert  is  shown  in  Figure  1. 


Observations  made  on  the  structural  appearance  of  the 
cast  cobalt-alloy,  after  being  subjected  to  repeated  impul¬ 
sive  loading-conditions  of  actual  firing  are  presented  in 
this  report.  Although  an  effort  was  made  to  rationalize  the 
causes  for  the  resultant  structure,  the  analyses  are  consid¬ 
ered  preliminary.  The  description  of  the  post-fired  cast 
inserts  could  eventually  lead  to  the  development  of  better 
materials  for  increased  service  life  of  rapid-fire  weapons. 


EXPERIMENTAL  PROCEDURE 


The  7.62mm  machine  gun  barrels  containing  the  cast 
Alloy  21  Inserts  were  test  fired  at  a  range  of  approximately 
650  rounds  per  minute.  Total  firings  of  1,  100,  and  3000 
rounds  were  obtained.  Other  gun  barrels  that  had  been  re¬ 
moved  from  the  test  because  of  loss  of  accuracy  and  pro¬ 
jectile  velocity  were  examined.  Analyses  were  also  per¬ 
formed  on  eroded  caliber  .50  and  20mm  lined  machine  gun 
barrels. 


Firing  schedules  for  the  7.62mm  and  che  20mm  gun  bar¬ 
rels  are  given  In  Appendix  A.  No  Information  on  the  firing 
schedule  could  be  obtained  on  the  caliber  .50  gun  barrel. 

The  types  of  ammunition  used  for  the  various  weapons  are 
listed  in  Appendix  8. 

The  gun  barrels  Including  the  cast  Insert  were  sec¬ 
tioned  longitudinally.  Transverse  sections  were  taken  at 
an  area  approximately  one  Inch  forward  of  the  origin  of 
rifling.  Longitudinal  sections  for  analyses  consisted  of 
areas  Including  the  bullet  seat  to  a  location  of  0.75  inch 
forward  of  the  origin  of  rifling.  Certain  specimens  were 
sec  1on6d  and  polished  at  a  low  angle  to  the  bore  surface 
to  provide  for  a  larger  viewing  area  of  the  damage  zone. 

Because  the  firing  conditions  were  known  to  cause 
plastic  deformation  to  the  liner  material,  etching  techniques 
were  developed  to  reveal  the  resulting  slipped  structures. 
Metal lographl c  specimens  polished  to  0.25  micron  alumina 
were  chemically  etched  In  a  92  HC I  -5  H2S0h  -3  HN0}  acid 
solution.  Moderate  etching  times  delineated  only  the  carbide 
and  the  grain  boundaries.  Prolonged  etching  times,  however, 
revealed  strlatlons  or  slip  bands  caused  by  plastic  defor¬ 
mation.  Internal  deformation  In  the  cast  Alloy  21  produced 
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by  a  Rockwell  C  hardness  Indent  at  a  load  of  15Q  kilograms, 
is  shown  In  Figure  2  after  chemical  etching  to  exhibit  the 
effectiveness  of  this  technique.  A  25-hour  aging  treatment 
at  81 6 °C  followed  by  chemical  etching  may  also  be  used  to 
delineate  sllpband  structures  as  shown  In  Figure  3.  How¬ 
ever,  such  thermal  treatments  were  generally  unnecessary  to 
reveal  the  deformed  structure  in  this  investigation. 

X-**ay  diffraction  patterns  were  obtained  from  the  as- 
cast,  as-machined,  and  test-fired  specimens  to  determine  the 
crystal  structure  rf  the  matrix.  No  attempt  was  made  to 
identify  the  precipitate  phases.  Optical  microscopy  was 
used  throughout  most  of  the  structural  analysis  as  well  as 
limited  scanning  electron  microscopy. 

RESULTS 


Examination  of  an  unfired  7.62mm  Insert  revealed  a  plas¬ 
tically  deformed  structure  due  to  the  machining  operations 
performed  to  impart  rifling  and  to  yield  prorer  bore  dimen¬ 
sions.  The  depth  of  deformation  was  approximately  Q.O’O 
inch  as  observed  metal lographl cal ly.  Some  transformation 
of  these  surface  layers  to  the  hep  structure  was  expected 
since  particles  obtained  from  cutting  operations  on  the 
cast  alloy  revealed  beta  (hexagonal)  X-ray  diffraction  lines. 

No  significant  structural  change  was  observed  after  one 
round  had  been  fired,  as  shown  in  Figure  4.  Af t* r  100  rounds 
however,  localized  shallow  surface  craters  or  cracks  were 
observed.  Typical  surface  cracks  on  the  land  area  located 
one  inch  forward  of  the  origin  of  rifling  are  shown  in 
Figure  5. 

As  the  firing  was  continued  to  3000  rounds  under 
Schedule  A,  the  slip  patterns  remained  basically  unchanged; 
however,  they  did  become  more  definite  and  more  dense.  Round 
ing  of  the  land  corners  was  observed  (Figure  6)  as  well  as 
increased  crack  formation  and  development.  Although  cracks 
have  been  noted  to  follow  the  carbide-matrix  boundary,  ex¬ 
tensive  crack  propagation  through  carbides  was  also  observed 
as  typified  In  Figure  7.  These  cracks  generally  followed  a 
direction  radial  to  the  bore  surface. 

A  cast  Insert  liner  subjected  to  3423  rounds  under  the 
severe  firing  condition  of  Schedule  8  was  analyzed.  No 
evidence  of  the  melting  of  the  bore  surface  layers  could  be 
detected,  although  extensive  chemical  reaction  and  cracking 
were  observed  as  shown  In  Figure  8.  Copper  from  projectile 
cladding  was  observed  to  fill  surface  cracks  (Figure  9). 
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In  the  same  figure,  longitudinal  cracks  as  well  as  radial 
cracks  propagating  through  the  carbide-grain  boundary  struc¬ 
ture  were  noted.  As  shown  in  Figure  1C,  these  cracks  either 
sheared  the  carbides  or  continued  along  the  carbide-matrix 
boundary.  The  cracks  observed  at  this  stage  of  firing  were 
orthogonal  to  the  bore  surface  or  intergranular. 

In  the  deformed  surface  layers  of  the  insert  (after 
3423  rounds),  precipitates  were  observed  as  shown  in  Figure 
11.  Identification  of  these  precipitates  was  not  made, 
although  the  precipitates  were  quite  likely  to  be  of  the 
M:jC(  type  of  carbide  that  forms  quite  readily  on  stacking 
faults.  Also,  in  the  same  specimen,  the  layers  adjacent  to 
the  bore  surface  showed  evidence  of  recrystallization  (Figure 
12). 


Continued  firing  of  the  7.62mm  weapon  with  the  cast  in¬ 
sert  resulted  in  increased  land  wear,  chemical  attack,  de¬ 
formation.  and  aging  as  shown  in  Figure  13.  This  particular 
specimen  was  subjected  to  28,410  rounds  of  fire  (Schedule  C). 
Crack  propagation  was  increased  at  this  point,  exhibiting 
at  least  the  Stage  I  fatigue  type  of  growth  behavior.  Gross 
material  removal  resulted  with  the  intersection  of  cracks 
that  propagated  either  along  the  grain  boundary  carbides  or 
on  the  (111)  or  (0001)  slip  planes,  as  shown  in  Figure  11. 

Structural  differences  after  firing  were  noted  for  the 
cast  Alloy  21  inserts  used  in  larger  caliber  weapons.  Analy¬ 
ses  on  the  caliber  .50  insert  were  performed.  Although  a 
record  of  the  actual  firing  schedule  was  unavailable  for 
this  insert,  evidences  of  severe  firing  practice  were  noted. 
Occurrence  of  melting  in  the  extreme  surface  layers  is  shown 
In  Figure  15.  Just  below  this  area,  structures  exhibiting 
recrystallization  or  the  hcp+fcc  reversion  were  observed 
(Figure  16). 

Areas  below  the  bore  surface  revealed  extensive  plastic 
deformation.  Extensive  striated  structures  were  observed 
in  the  lamellar  areas  as  shown  In  Figure  17. 

Widespread  crack  development  was  noted  for  the  larger 
callbr  ,  20mm  automatic  weapon.  The  structure  after  7170 
rounds  of  fire  (Schedule  D)  Is  shown  In  Figure  18.  This 
particular  sample  was  sectioned  longitudinally  and  polished 
at  a  low  angle  to  exhibit  a  larger  surface  area.  Surface 
layer  melting,  extensive  chemical  reaction,  and  aging  were 
observed  for  this  insert  as  shown  in  Figure  19. 


Although  cracks  generally  appeared  to  grow  radially 
from  the  bore  surface  {shown  earlier  In  Figure  18),  contin¬ 
ued  propagation  into  the  Interior  exhibited  orientations 
approximately  45  degrees  to  the  bore  surface  as  shown  In 
Figure  20.  These  cracks  progressed  transgranularly ,  follow¬ 
ing  principal  slip-plane  orientations  and  changed  direction 
slightly  at  grain  boundaries.  Evidence  of  plastic  blunting 
of  the  crack  tip  is  shown  in  Figure  20  as  well  as  In  Figure 
21.  Also,  cracking  through  the  carbide  particles  Is  noted 
in  Figure  21. 

DISCUSSION 


X-ray  diffraction  analysis  as  well  as  earlier  litera¬ 
ture3  indicated  that  the  matrix  of  the  cast  Co-Cr-Mo  Alloy 
21  consisted  primarily  of  the  face-centered  cubic  phase  with 
a  small  amount  of  the  hexagonal  close-packed  structure. 
During  machining,  the  surfaces  layers  were  believed  to  be 
converted  to  the  hexagonal  form.  Deformation  either  by 
machining  or  by  subsequent  firing  occurred  In  the  {111) 
planes  of  the  matrix. 

Little  additional  damage  to  the  as-machined  structure 
of  the  7.62mm  insert  was  observed  after  one  round.  For  the 
particular  ammunition  used  on  this  weapon,  the  average  peak 
pressure  was  50  ks 1  with  a  corresponding  flame  temperature 
of  21 1 0°C. 

After  100  rounds,  surface  damage  In  the  form  of  craters 
or  shallow  cracks  was  noted.  The  loss  of  surface  carbides 
and  matrix  material  was  believed  to  be  caused  by  the  shear¬ 
ing  action  of  the  projectile. 

Continued  firing  to  3000  rounds  resulted  In  cracks  at 
the  carbide-matrix  boundaries  and  also  In  cleavage  within 
the  carbides.  Also,  Intrusion  formation  in  the  matrix  pro¬ 
ceeded  concurrently  with  the  carbide-cracking  reaction. 

Since  the  as-machined  structure  shows  an  Intensive  amount 
of  sl'p,  deformation  in  the  form  of  cracks  was  unlikely  to 
occur  early  in  the  firing  sequence.  Cobalt  and  Its  alloys 
have  low  stacking-fault  energies  and,  therefore,  have  a  low 
capacity  for  cross  slip.  Thus,  actual  deformation  strains 
can  be  accommodated  by  separation  at  the  carbide-matrix 
bcjndarles  or  within  the  carbide  Itself. 

The  excellent  wear-resistance  characteristics  of  this 
alloy  can  be  attributed  to  the  hard  surface-carbides  as  well 
as  to  the  formation  of  the  hexagonal  matrix  structure.  The 
fcc-*hcp  transformation  was  believed  to  have  beneficial 
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results  of  (a)  Increased  Impact  energy  dissipation  and  (b) 
the  formation  of  a  surface  with  a  decreased  coefficient  of 
friction  as  shown  by  Buckley,*'  Further,  the  enhancement  of 
elevated  temperature  strength-properties  could  be  attributed 
to  the  carbide  precipitation  on  slip  planes  or  on  stacking 
faults. 

Prolonged  firing  schedules  on  7  62mm  inserts  resulted 
in  gross  material-loss  as  a  result  of  the  intersection  of 
transgranular  cracks  as  well  as  of  intergranular  cracks. 

Test  firing  with  double-base  propellants  for  the  larger 
caliber  weapons  resulted  in  incipient  melting  in  the  surface 
layers.  Extensive  chemical  reaction  was  also  observed  in 
the  surface  areas  of  the  caliber  ,50  and  the  20mm  inserts. 

The  primary  difference  between  the  larger  caliber  inserts 
and  the  smaller  7.62mm  insert,  aside  from  surface  melting, 
was  that  of  the  orientation  of  cracks.  The  larger  caliber 
inserts  exhibited  clacks  typical  of  Stage  I  fatigue  cracks. 
Cracks  in  these  inserts  were  observed  to  proceed  at  orienta¬ 
tions  approximately  45  degrees  to  the  bore  surface.  Most 
cracks  observed  in  the  7.62mm  Inserts  were  either  orthogonal 
to  the  surface  or  proceeded  along  the  grain  boundary  carbides. 
Cracks  following  the  Stage  II  mode,  i.e.,  fatigue  failure  by 
cracks  orthogonal  to  the  stress  direction,  were  not  observed 
in  any  of  the  inserts. 

Stage  I  cracks  in  the  larger  caliber  inserts  exhibited 
forms  typical  of  the  plastic  "blunting"  process.5  In  this 
process*  the  striations  such  as  those  exhibited  in  Figures 
20  and  21  are  formed  as  a  result  of  cyclic  loading-unloading 
processes.  Cracks  were  propagated  by  this  process  during 
the  tensile  part  of  the  fatigue  cycle  and  were  followed  by 
resharpening  of  the  crack  in  the  compression  part. 

CONCLUSIONS 

1.  Slip  deformation  and  work  hardening  of  the  surface 
layers  are  attributable  to  firing  as  well  as  to  prior  ma¬ 
chining  operations. 

2.  Cratering  or  shallow  crack-formation  caused  by 
carbide  and  matrix  material  pullout  occurs  quite  early  in 
the  firing  sequence, 

3.  Intergranular  crack-propagation  follows  the 
carbide-matrix  boundary  and  also  cleaves  the  boundary  carbides. 
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4.  Gross  material  removal  is  caused  by  the  intersection 
of  transgranular  and  intergranular  cracks. 

5.  Deformation  of  the  bore  surface  layers  causes  the 
formation  of  the  hexagonal  phase. 

6.  Precipitation  in  the  deformation  bands  enhances  the 
elevated  temperature  strength  of  the  alloy. 

7.  Stage  I  type  of  fatigue  cracks  occurs  during  test 
firing  of  the  caliber  .50  and  20mm  inserts. 

8.  Surface  layer  liquation  of  the  larger  caliber  in¬ 
serts  is  attributable  to  the  hotter  double-base  propellants 
used  in  these  weapons. 


7 


STEEL  JACKET 


SCHEMATIC  DRAWING  OF  7.62MM  INSERT  LINED  BARREL 

Scale:  4/1 


FIGURE  2  EFFECT  OF  A  150  KILOGRAM  ROCKWELL  C 

HARDNESS  INDENTATION  ON  THE  CAST  STRUCTURE 
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FIGURE  3  THE  EFFECT  OF  A  25-HOUR  AGING  TREATMENT 
AT  81 6°C  ON  THE  DEFORMED  STRUCTURE 
GENERATED  AFTER  3423  ROUNDS  OF  FIRE 


IQ 


FIGURE  4 


MICROSTRUCTURE  OF  THE  LAND  AREA 
AFTER  ONE  ROUND 


FIGURE  5 


MI CROSTRUCT'JRE  SHOWING  CRACK  INITIATION 
SITES  ON  LAND  SURFACE  AFTER  100  ROUNDS 


II 


FIGURE  6 


MICROSTRUCTURE  OF  THE  LAND  AREA 
AFTER  3000  ROUNDS 


FIGURE 


7  PHOTOMICROGRAPH  SHOWING  CRACK  PROPAGATION 
THROUGH  CARBIDES  AFTER  3000  ROUNDS 


FIGURE  9  MICROSTRUCTURE  OF  THE  BORE  AREA  SHOWING 
COPPER  IMPREGNATION  AND  CRACK  PROPAGATION 


FIGURE  10  PHOTOMICROGRAPH  SHOWING  CRACK  GROWTH 
THROUGH  CARBIDES  AND  ALONG  THE  GRAIN 
BOUNDARY  AFTER  3423  ROUNDS 


FIGURE  11  MICROSTRUCTURE  SHOWING  PRECIPITATES 

IN  THE  DEFORMED  STRUCTURE 
AFTER  3423  ROUNDS 
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FIGURE  12  SCANNING  ELECTRON  PHOTOMICROGRAPH 
OF  LAND  AREA  AFTER  3423  ROUNDS 
SHOWING  EVIDENCE  OF  RECRYSTALLIZED  STRUCTURE 


FIGURE  13  LAND  AREA  STRUCTURE  AFTER  2b, 410  ROUNDS 
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FIGURE  IS  SURFACE  AREA  STRUCTURE  OF 

CALIBER  .50  INSERT  AFTER  FIRING 


FIGURE  16  PHOTOMICROGRAPH  SHOWING 

STRUCTURAL  ALTERATION  IN  CALIBER  .50  INSERT 
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FIGURE  17  MI CROSTRUCTURE  EXHIBITING  DEFORMATION 

BANOS  IN  THE  LAMELLAR  AREAS 
OF  CALIBER  .50  INSERT 


FIGURE  18 


LOW  ANGLE  SURFACE  PROFILE  SECTION 
SHOWING  EXTENSIVE  CRACK  DEVELOPMENT 
IN  20MM  INSERT  AFTER  7170  ROUNDS 


FIGURE  19 


SURFACE  LAYER  STRUCTURE 
IN  20MM  INSERT  AFTER  7,70  ROUNDS 


NOT  REPRODUCIBLE 


FIGURE  21 


CHANGES  IN  CRACK  TIP  ORIENTATION 
FOR  20MM  INSERT 
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APPENDIX  A 


I.  SCHEDULE  A 

a.  100-round  burst  at  650  rpm 

b.  Cool  for  2  minutes 

c.  Repeat  a  and  b  until  50Q  rounds  are  fired, 

cool  to  room  temperature 

d.  Repeat  c  until  3000  rounds  are  fired 


II.  SCHEDULE  B 

a.  250-round  burst  at  1000  rpm 

b.  Cool  for  10  minutes 

c.  Repeat  a  and  b  until  750  rounds  are  fired, 

cool  to  room  temperature 

d.  Repeat  schedule  c  to  the  point  of  necessary 

withdrawal  of  gun  barrel 


III.  SCHEDULE  C 

a.  83-  (  ;r  84)  round  burst  at  1000  rpm 

b.  Cool  for  10  minutes 

c.  Repeat  a  and  b  until  250  rounds  are  fired 

d.  Cool  for  10  minutes 

e.  Repeat  c  and  d  until  1000  rounds  are  fired 

f.  Repeat  e  to  the  point  of  necessary  withdrawal 


SCHEDULE 

D 

1. 

a. 

b. 

13-round  burst  at  60 
10  second  cool 

rpm 

c. 

Repeat  a  and  b  to  26 

rounds  total 

d. 

4-12  round  burst  with  two  second  cooling 
interval  between  bursts  followed  by  a 
20-second  cool 

e , 

f. 

Repeat  d  followed  by 
Repeat  e 

20-second  cool 

g. 

Cool  entire  barrel  to 

room  temperature 

2. 

F  i  re 

three  schedules  of  1 

(steps  a  through  g) 

3. 

Repeat  test  cycle  (three 

schedules  of  1)  19  times 
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APPENDIX  B 


Ammun i t i on 

7.62mm:  ATO  M80  ,  ball 

velocity:  2750  fps 

pressure:  50,000  psi  (avg.  max.) 


caliber  .50:  r‘2,  Ball 

velocity:  2810  fps 

pressure:  55,000  psi  (avg.  max.) 


20mm:  M206 

velocity:  3460  fps 

pressure:  49,500  psi  (avg.  max.) 
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